In May 2000, the Beijing Institute of Genomics formally announced the launch of a comprehensive crop genome research project on rice genomics, the Chinese Superhybrid Rice Genome Project. SRGP is not simply a sequencing project targeted to a single rice (Oryza sativa L.) genome, but a fullswing research effort with an ultimate goal of providing inclusive basic genomic information and molecular tools not only to understand biology of the rice, both as an important crop species and a model organism of cereals, but also to focus on a popular superhybrid rice landrace, LYP9. We have completed the first phase of SRGP and provide the rice research community with a finished genome sequence of an indica variety, 93-11 (the paternal cultivar of LYP9), together with ample data on subspecific (between subspecies) polymorphisms, transcriptomes and proteomes, useful for withinspecies comparative studies. In the second phase, we have acquired the genome sequence of the maternal cultivar, PA64S, together with the detailed catalogues of genes uniquely expressed in the parental cultivars and the hybrid as well as allele-specific markers that distinguish parental alleles. Although SRGP in China is not an open-ended research programme, it has been designed to pave a way for future plant genomics research and application, such as to interrogate fundamentals of plant biology, including genome duplication, polyploidy and hybrid vigour, as well as to provide genetic tools for crop breeding and to carry along a social burden-leading a fight against the world's hunger. It began with genomics, the newly developed and industry-scale research field, and from the world's most populous country. In this review, we summarize our scientific goals and noteworthy discoveries that exploit new territories of systematic investigations on basic and applied biology of rice and other major cereal crops.
INTRODUCTION
Most of the genome projects are initially focused on a particular genome, such as the Human Genome Project (International Human Genome Sequencing Consortium 2001 , the Arabidopsis Genome Project (Arabidopsis Genome Initiative 2000), the Drosophila Genome Project (Adams et al. 2000) , just to name a few. An immediate goal of these projects is to provide a sequence of the targeted genomes as a reference as well as a set of genes discovered along the way to facilitate genomic and molecular research of the subjects. Genome projects can deliver, with adequate funding, basic genomic information for biological research: physical maps (sequence-and clone-based); genetic maps; genes (sometimes refer as gene models when support evidence is weak); and gene expression information. These goals are2 often achieved in two phases: (i) to assemble a low coverage (accumulated effective sequence length divided by the estimated length of a genome) version of the genome as a 'draft sequence' or a 'working draft of the genome' so that a particular research community is able to benefit from the immediate release of the data for other research activities, especially for gene discovery and localization; and (ii) to put together a final assembly that integrates, as much as possible, basic genomic information ranging from clone-based physical maps to genetic polymorphisms. For instance, the International Human Genome Sequencing Consortium has published two major papers: the working draft sequence and the completed human genome. Occasionally, another phase of the project can also be executed, a survey sequencing or a genome survey with a genome coverage less than onefold (e.g. Wernersson et al. 2005) . This particular phase is always important for large and unknown genomes to work out solid sequencing plans. Although the list of targeted genomes has extended horizontally to closely related genomes within a species or genus, such as the recent extension of Drosophila genome studies, the Drosophila Population Genomic Project (Matthews et al. 2005) , and vertically to include species within lineages, such as primates and vertebrates, the purpose of these projects is largely human-centric, to annotate and understand human genes and their functions, or model organism-centric, to understand evolution and particular biological characteristics of a given organism, and to satisfy the basic needs of these research communities. However, for a crop species, especially for crops where most of their landraces are F 1 hybrid with infertile progenies, it is highly desirable that a detailed comparative study can be carried out on the distant parental lines at molecular details as the project itself or immediately after the genome sequence becomes available. The Chinese Superhybrid Rice (Oryza sativa L.) Genome Project (SRGP) is simply designed to do this and has been doing it in unprecedented speed, scale and details.
In the spring of 2000, Beijing Institute of Genomics held an open ceremony in its rented building space at the Beijing Airport Industrial Park and officially launched SRGP. What was absolutely certain in the minds of the project's leaders were three convincing arguments: (i) the agricultural crop breeding communities have been eager to explore genomic tools and hungry for basic genomic information of crop species in search of a path forward transforming their arduous and meticulous practice, as the importance of staple food crops has been emphasized in a famous Chinese phrase, 'To the People, Food is What Under Heaven' and the first 'thing' to focus on in China has to be the rice; (ii) a team of scientists, inspired by the Human Genome Project, were determined to develop tools and processes to bring a project of significant magnitude to the finishing line; and (iii) there are several major crop species of a few plant families to be studied in absolute detail and experiences on rice genomics should provide useful clues about how to proceed in this direction. Over six years into the project, we have learnt not only what rice genomics is about in unparalleled detail, but also how to focus on important issues that are practical and valuable for both the rice basic research community and the field scientists who are carrying out lifelong efforts to breed this vital food crop. In this review, we hope to evaluate our completed goals and lessons learned along the way and to emphasize what is ahead, as the project proceeds. We also hope to invite suggestions, ignite novel ideas and initiate collaborative efforts for the future and success of SRGP.
SRGP AND ITS THREE PHASES
The moment when we received rice seedlings from Prof. Longping Yuan, the 2004 World Food Prize winner and Director of the China National Hybrid Rice R&D Center, SRGP was set on its charted course (figure 1). Advised by rice geneticist and molecular biologist Prof.
Lihuang Zhu at the Institute of Genetics and Development of the Chinese Academy of Sciences and other experts in the rice research community, we chose a popular superhybrid rice cultivar, LYP9 or Liang-YouPei-Jiu (it means Double Excellences Number 9; indica type; Lu & Zhou 2000) , as the research object of SRGP. This 'superhybrid' rice cultivar produces 20-30% more grain than regular hybrid rice breeds and has a recorded breeding history (a simplified version is shown in figure 2 ). The project was launched with funds from the leadership of the Chinese Academy of Sciences and a research and development loan from the Hangzhou Municipal Government of Zhejiang Province. The project has never changed its direction and original promises, but has been gaining momentum towards the on-schedule completion of many deliverable goals across its three basic phases.
In phase I of the project, we aimed at producing genome sequences of 93-11, the paternal cultivar of LYP9, an indica rice landrace and a popular choice of breeding starters (figure 3). The completion of this phase is featured by the complete genome sequence of 93-11 and comparative analyses of japonica and indica rice genomes and landmarked by two publications (Yu et al. , 2005a , exactly three years apart. In phase II of the project, we have obtained the genome sequence of PA64S, the maternal cultivar of LYP9, as a working draft scheduled to be released and submitted for publication within this year. PA64S has a rather complex breeding history with a major (nuclear) genetic background of indica (estimated as greater than 55%) and minor ones of japonica and javanica (estimated as 25% and less than 20%, respectively; figure 2). Sequence analysis and acquisition of new experimental data have been tailored to molecular mechanisms of hybrid vigour at the levels of genomic sequences, transcriptomes and proteomes. Pilot studies along these directions have yielded useful data and important lessons for better experimental designs. Phase III has been planned to create a longterm effort, beginning already in the earlier phases of SRGP, and to produce a set of molecular and informatics tools for rice biologists and breeders, including high-resolution genetic maps with intervarietal genetic markers, integrated physical/sequence maps and information on genes identified and annotated along the way of finishing the two rice genomes, and in-depth analyses and experimentation on important issues of rice biology, such as genome (gene) duplication, domestication and hybrid vigour. Our rice gene microarrays designed with 60 000 gene candidates, which include cDNA/EST-validated genes and predicted transcripts (the number is slightly greater than the current prediction), have been widely used by the rice research community within China and elsewhere, such as at the International Rice Research Institute and Yale University (Ma et al. 2005) . We have been maintaining a comprehensive rice genomics database for open access (Zhao et al. 2004 ). We also concede that an effort to discover adequate numbers of genetic markers is of essence by an intensive sequence acquisition effort from more cultivated rice strains, as well as from wild germplasm resources. Most probably, new gene flows have to be encouraged sooner or later, and this point has also been advocated recently (McCouch 2004) .
LESSONS LEARNT IN SEQUENCING THE RICE GENOME
Being the second among plant genomes and the first crop genome sequenced, the rice genome has been actually sequenced independently five times. Three of the efforts targeted the same cultivar, a japonica variety, Nipponbare: one by the International Rice Genome Sequencing Consortium (2005) and the other two were from private companies, Syngenta (Goff et al. 2002) and Monsanto (their data were released to the public in a constrained way and mingled into the Consortium's rice data). We have sequenced the fourth and the fifth rice genomes: one is the indica 93-11, and the other is the PA64S that has mixed genetic backgrounds of all three cultivated rice subspecies and its chloroplast and mitochondrial genomes are japonica from its maternal origins. Most of the rice sequencing efforts have been using a whole-genome shotgun (WGS) method (reviewed by the authors recently; Yu et al. 2005b) , since its genome is relatively small compared with what has been sequenced with this method, including the human genome which is six times larger than that of the rice. The International Consortium, however, had decided at the beginning of its project to use a clone-by-clone (CBC) strategy largely due to managerial difficulties, since the bulk of the work was originally allocated to different laboratories in several countries, such as the US, China and Japan. Each participating group took single or multiple chromosomes and promised to finish the sequences of targeted bacterial artificial chromosome (BAC) clones to contiguity (Sasaki & Burr 2000; Feng et al. 2002; Sasaki et al. 2002 Sasaki et al. , 2005 Rice Chromosome 10 Sequencing Consortium 2003; International Rice Genome Sequencing Consortium 2005) . Although it appears to be a simple promise, due to the repetitive and active nature of some repeat contents, to finish each clone to contiguity is not an easy job and certainly requires extra funding not proportional to the ordinary dollar-per-read accounting. We should all be thankful that all these efforts have served their expected purposes and data are left for the scientific community to mine and manoeuvre without restraint and charge (Wu et al. 2002 (Wu et al. , 2003 Tang et al. 2004 ).
(a) Essentials for a prolific genome project Together with the rapid developments in genome-scale technologies, the demand for more and complete basic genomic information is only growing stronger. It is envisaged that a majority of the major agricultural crop species will be sequenced within the next decade or so, nearly 10 years after large-scale sequencing became available for the genome research community, along with hundreds of animal and plant species, relevant to health, agriculture, aquaculture and basic biology (addressing fundamental questions, such as development and evolution). Depending on the purpose of a study, the target genome for a crop species should be one of the most popular landraces. Ideally, a progenitor species should also be sequenced for comparative The Superhybrid Rice Genome Project in China J. Cheng 2006, personal communication) . A few years down the road, we will not be surprised when a community consensus is reached to sequence a wild rice variety or a probable progenitor of the cultivated rice, coupled with sampling sequences of some diverse rice cultivars. Another strategic issue is which method to use for whole-genome sequencing efforts, CBC or WGS. This is always a tough decision for a research community or a special interest group when the genome is large and its genome compositions are less known, such as GC-content, genome duplication history and repetitive sequences. What we do know at this point is that the WGS method has worked for genomes of mammalian size, approximately 3 billion base pairs. In addition, the two methods are not mutually exclusive, and a combination of the two is also valid when the project is carefully planned and adequate resources are generated. For instance, the corn genome, nearly the size of the human genome, is currently being sequenced by multiple approaches, CBC or WGS. It began with some gene-enriched portions of the genome in plasmid clones . There is no reason to reject a WGS approach for this agronomically important crop species if the sequencing cost becomes less of a concern as a result of some new technology advancements or even managerial improvement of the current technology. WGS may become the last choice, on the other hand, when the wheat genome is to be sequenced, which is approximately six times bigger than the human genome. Finally, when sequencing efforts are tuned to non-cultivated species or small organisms whose genomic DNA has to come from a population of individuals, it is critical to acquire preliminary data on their genetic heterogeneity and chromatin anomaly. Aside from these strategic concerns, there are many technical issues for sequencing operators to pay adequate attention to. The most important one is the molecular resource for a project, regardless of which sequencing approaches are used. First, it includes, but is not limited to, plenty of cDNAs or expressed sequence tags (ESTs), though full-length cDNAs are often preferred, but it takes serious work, more time and adds more expense to a project. A well-planned EST discovery effort should be able to discover 50-80% of the transcripts that can serve as evidence for building gene models for the later assembled genomic sequences as well as starting material for EST-based microarrays for some focused studies. Second, large insert clone libraries are essential for long-range contiguity in physical map building. Although the currently preferred clone type is BAC, merited by its larger insert size, cosmid or fosmid is also extremely useful in closing gaps for WGS-based genome projects, since assembled contigs from a WGS are often smaller than an average BAC size that is around 150 kbp. Third, polymorphic markers are fundamental reagents for building genetic maps. When a reference genome sequence is available, SNPs can be generated by random sequencing of either clones or genomic DNA prepared from a diversity panel of related species or representative strains of targeted species. We are always grateful to the rich resources generated by the rice research community with recent heroic efforts, including physical maps, genetic markers and full-length cDNA sequences (Kikuchi et al. 2003) .
(b) Whole-genome shotgun sequencing and data quality One of the most misunderstood issues in SRGP has been related to data quality. In many ways, the situation was a replay of the controversies that dogged the Human Genome Project, which pitted a publicly funded effort led by Francis Collins, Eric Lander, John Sulston, Robert Waterston, and others (International Human Genome Sequencing Consortium 2001) against the privately funded effort led by Craig Venter of Celera (Venter et al. 2001) . As participants on the public side, and one of the few genome centres to have sequenced plants (rice) and animals (human, chicken and silkworm), we offer a historical perspective.
In the earlier phases of the Human Genome Project, it was decided that the sequence must have an error rate lower than 1/10 000 bp, consented through various ad hoc committee meetings (M. V. Olson 2006, personal communication) . The underlying argument was that the sequence had to be 10 times better than the variation rate for the human population (estimated to be approx. 1 part in 1000) in order to detect polymorphic differences. It was widely assumed that, notwithstanding difficult-to-clone heterochromatic regions, every base pair would be sequenced. As time passed, these quality standards were re-evaluated to reflect the needs of the intended application, particularly in the light of new technology developments and the species-specific peculiarities of the genome to be sequenced. Consider the accuracy of 1 part in 10 000. Human variation is known to be anomalously low as a result of a recent population bottleneck (Harpending & Rogers 2000) . In rice, say between indica and japonica, variation for gene regions including introns is about 5 parts in 1000 and variation for intergenic regions is at least five times more than that for gene regions (Yu et al. 2005a) . Hence, a more relaxed accuracy standard is justified. With the development of Phred quality scores , which provide accurate error probabilities for every base pair, the idea that the sequence must be 10 times better than the variation rate diminished because Phred quality scores allow one to distinguish between sequencing errors and polymorphisms, even for single-pass data (Altshuler et al. 2000) and certainly for our fourfold draft of the rice genome (Shen et al. 2004) .
Into this fray stepped the controversial proposal of a WGS for the Human Genome Project ( Weber & Myers 1997) . What was novel about the idea was not shotgun sequencing itself, since the idea of assembling sequences from short random reads with multiple redundant coverage of the genome was already an established method. What was audacious was the size of the genome on which it would be applied, which was three orders of magnitude larger than anything done before. Nevertheless, the immediate objections (Green 1997) were based less on the size of the genome than on the fact that if the objective is 'finished sequence', where almost every base pair is resolved, there was little cost advantage to the WGS idea and many uncertainties. Notwithstanding, the experiments went ahead and the uncertainties were resolved. It is now acknowledged that, if the objective is an 'intermediate grade' of finished sequence, this is possible using the WGS method followed only by a limited amount of computer-assisted finishing (Blakesley et al. 2004) . The resultant sequence is of very high quality, with the residual gaps and errors falling mostly in repetitive sequence. Importantly, such a product is much less expensive, requiring about 40-fold less reagents and 10-fold less personnel effort than the finished product that was created for the publicly funded Human Genome Project (International Human Genome Sequencing Consortium 2004).
The history of SRGP followed much the same trajectory as the Human Genome Project, albeit with approximately a 1-year delay. In the rice effort, there was an initial publication on a fourfold draft genome, later followed by a much improved sixfold genome. Considering the limited funding for rice, our final objective was closer to an intermediate grade of finished sequence. We sought to get all the genes assembled in one piece, without fragmentation, and anchored to the maps. What happened to the intergenic sequence was less of a concern. The fact that a WGS cannot deal with repetitive sequence is less of an issue with plants than with animals, because in plants, most of these repeats are attributable to transposable elements in the intergenic regions (Bennetzen 2000) , which are clearly non-functional.
In the nomenclature of shotgun sequencing, there are contigs and scaffolds. A contig is a contiguous piece of sequence where every base pair is determined. A scaffold is a series of contigs where the order and orientation between contigs is known, while the content of the gaps between contigs is not. Higher levels of organization are called super-scaffolds, ultrascaffolds and pseudo-chromosomes (chromosome models). Baring extremes in repeat content, contig size is determined by coverage, which refers to the number of times the genome is sampled. The statistics are well understood (Lander & Waterman 1988) . Assuming reads of 500 bp length and overlap detection thresholds of 26 bp, the expected contig sizes using coverages of four-and sixfold are 5.4 and 24.6 kbp, respectively. In comparison, actual N50 contig sizes (i.e. the size above which half the total length is found) were 6.7 and 24.9 kbp.
Besides the improvement in contig size, higher coverage also leads to an improvement in accuracy.
Based on the Phred-derived quality scores that are computed using our REPS assembly software Zhong et al. 2003) Even at the sixfold sequence, the contigs are not big enough to anchor to the maps. This objective can only be achieved at the scaffold and super-scaffold levels. In the original Celera proposal, the idea was to sequence both ends of their clone inserts (Venter et al. 1998) . Eighty-five per cent of the reads would be from plasmid clones of 2 kbp insert size, 14% would be from plasmid clones of 10 kbp insert size and 1% would be from BAC clones of 150 kbp insert size. This plan was never fully implemented, since they ended up combining their assembly with the public assembly. When the mouse WGS was published (Mouse Genome Sequencing Consortium 2002), the main lesson was that insert sizes must be matched to contig sizes. BACs are actually too big. At the sixfold sequence, the ideal clones are fosmids, whose insert sizes are fixed at approximately 40 kbp.
Fortuitously, we did not have to sequence fosmid ends, because the availability of a sixfold japonica rice WGS from Syngenta (Goff et al. 2002) provided linking information at the requisite length-scale. To preserve polymorphism information from indica and japonica, we used the other subspecies only to link contigs, never to provide missing base pairs. To allow the possibility of differences in the long-range order and orientation between these two subspecies, we kept track of the assembly before and after subspecies were mixed, using the notations 'scaffold' and 'super-scaffold'. For the indica assembly, the resultant mapped super-scaffolds exhibited an N50 size of 8.3 Mbp.
Many small pieces remained unmapped, owing to high repeat content, but these were from extremely gene-poor regions. As a demonstration, we aligned the non-redundant set of 19 079 full-length cDNAs against our indica and japonica assemblies, requiring not only that these genes be found among the mapped superscaffolds, but also that they be found in one piece, without fragmentation. The outcome was that 97.7% were qualified. In other words, most of the genes were assembled in one piece, without fragmentation, and anchored to the maps. The sequence is not perfect, but we estimated that no more than 1% of these genes were misassembled, due to our inability to discriminate between recent repeats.
What is sacrificed by a WGS method are the repeats. However, in plants, the repeats are due to intergenic transposons that are extremely unstable even between rice subspecies (Ma & Bennetzen 2004) . Comparing indica and japonica, at least a quarter of these two genomes could not be aligned, and where they could, SNP rates varied from as little as 3.0 SNP kbp K1 in protein-coding regions to 27.6 SNP kbp K1 in transposable elements. This vindicated our strategy to focus on genes, because such intergenic regions are highly unlikely to be functional.
The Superhybrid Rice Genome Project in China J. Yu et al. 1027 All this bodes well for the future of WGS in larger cereal genomes like maize (sixfold bigger) and wheat (38-fold bigger), where the same issues arise, but on an even larger scale. A test case for plant genome sequencing with WGS will be the maize genome, which has about 75% repeat content and nearly the size of the human genome. Various gene enrichment schemes have been proposed (Palmer et al. 2003; Whitelaw et al. 2003) , but it remains to be seen whether these methods will be able to recover the entire gene, without fragmentation. Cost issues aside, we now know that the WGS method works.
(c) The rice genome and its biology Before we planned our rice sequencing project, we had realized that the rice genome is quite suitable for a WGS approach. It indeed took us only a couple of months to acquire shotgun sequence reads, equivalent to fourfold coverage of the genome. A sequence assembler had also been developed, for which an effort was initiated a couple of years ahead of the time so that it was put in use in a timely way . With a rather unbiased assembly in hand and the availability of genome sequences from the other rice cultivar, Nipponbare, we then set out to analyse the dynamics of the rice genome and have revealed many interesting features of the rice genome.
(i) A dramatic GC-content increase unique to genomes of the Gramineae family among plants The GC-content difference between rice and Arabidopsis genomes was first noticed when we compared the two sequences shredded in a 500 bp window (Wong et al. 2002; Yu et al. 2002) . The GC-content increase has two important characteristics: directionality (GC-content at 5 0 end of the sequence is higher than that at the 3 0 end) and transcript-specificity (GC-content increase is not limited to mRNA or protein-coding sequences, i.e. exons, but also observed in flanking introns). It became clear that this strong GC-content gradient might be unique to the Gramineae family (the order Poales) of plants and certainly was not found in all monocotyledon plants, since it was absent in Lycoris longituba, a perennial herbaceous plant of the Amaryllidaceae family (the order Asparagales; Cui et al. 2004 ) and onion (the order Asparagales; Kuhl et al. 2004) . Furthermore, we believe that it has to be related to transcription-coupled DNA repair (TCR), where repair errors have left their signatures in nucleotide composition as a GC-content gradient with more in the upstream and less in the downstream sequences along actively transcribed genes. The gradient does not seem to be related to replication errors because replication does not discriminate genes and their transcription process. However, it is difficult to demonstrate the precise mechanism that leads to such a gradient, since TCR is somewhat universal and found in almost all organisms from E. coli to yeast and to humans. In other words, this GC-content gradient is not a direct result of TCR but related to TCRassociated mechanisms that are unique to the organisms that manifest it. Furthermore, most of the bioinformatics analyses are not really transcript-centric or gene-centric, where the sequence compositional effect of genes is easily masked by fluctuations of the genomic background, let alone DNA repair mechanisms which are also complex in plants and remain to be elucidated (Kimura et al. 2004) . Nevertheless, the GC-content gradient is an excellent indicator for the fast-evolving rice genes after a single round of whole-genome duplication (WGD), and the spare set of genes can undergo subfunctionalization or neofunctionalization for developing phenotypic novelties (Yu et al. 2005b ).
(ii) Organizationally, the genomes of higher plants are different from higher animals It was noted before we started SRGP that the plant genomes are organized differently compared with higher animals (Wong et al. 2000 (Wong et al. , 2001 , based on limited information from several sequenced organisms including the only one plant genome, i.e. Arabidopsis. On the one hand, in animals, an overwhelming majority of their genomes are gene coding and most of the transposon insertions are in the introns so that a very limited portion of the genome space is left for intergenic regions. On the other hand, the plant genes are clustered, and most of the plant-specific transposable elements are inserted into intergenic spaces, albeit some fall near the genes (such as miniature inverted-repeat transposable elements, or MITEs) but seldom within genes (exons and introns). This notion not only has been held true for most, if not all, of the sequenced genomes of multi-cellular organisms, but has also strongly supported the idea of carrying out a WGS sequencing endeavour for the rice genome. When the genome sequences are compared between the two rice subspecies, 16% of them are not alignable, attributable mostly to intergenic retrotransposons . Moreover, this concept is rather important for plotting out sequencing strategies for large plant genomes, together with the ample literatures on genome duplications and polyploidy (Adams & Wendel 2005) . Based on the history of genome duplication, it is feasible to estimate the gene content of a plant genome, since the gene sizes of higher plants are fairly constant in a range of 4-5 kbp. For instance, the gene content of a rice genome is from 200 to 250 Mbp, capable of harbouring 40 000-50 000 genes in an average size of 5 kbp. If we count maize genome as 2.5 billion base pairs in size and it has duplicated after it diverged from its Gramineae ancestor (Devos 2005) , the gene content of the genome may be only 16-20% and the rest are intergenic sequences.
(iii) The rice genome has duplicated once after divergence from a common angiosperm ancestor but small-scale duplications are ongoing There are several types of sequence duplications, including WGD, segmental duplication, tandem duplication and background duplication (single gene-sized duplicated copies inserted into genomes without regularity). A schematic summary of the different duplication scenarios in the rice genome is shown in figure 4 . When we applied a cDNA homologue pairing scheme to the discovery of duplicated chromosome segments, there were 18 pairs of duplicated segments that covered nearly 66% of the length of all the mapped rice sequences. The mean (median) number of homologue pairs per segment was 74 (53). The segment sizes were 6.9 Mbp (5.4 Mbp), and they differ by 43% (42%) within a segment pair. It revealed an ancient WGD, a recent segmental duplication on chromosomes 11 and 12 and massive ongoing individual gene duplications. Depending on the method used to calculate Ks, the fraction of synonymous site, the WGD event was dated to 53 and 94 million years ago (Myr ago), assuming a neutral evolutionary rate of 6.53!10 9 substitutions per silent site per year (Gaut et al. 1996) . This result is consistent with the literature as reviewed recently (Blanc & Wolfe 2004; Adams & Wendel 2005; Devos 2005 ). The recent segmental duplication was dated ca 21 Myr ago, after rice split from corn and wheat within the grass family. Tandem duplication was also very significant and these duplicated genes were identified to be 16.5% of the sequenced rice genome. All these duplication scenarios seemed independent of each other in terms of the underlying mechanisms but the driving mutation forces may be similar, creating a new class of genes that have very limited homology from the original copies. The GC-content gradient in rice transcripts is just one of such sequence signatures observable and concrete-it is transcription-related. In other words, only genes that are actively expressed after duplication would maintain a GC-content gradient or accumulate mutation events over time, resulting in a GC-content gradient, and the inactive copies may fade away in their composition specificity.
(iv) Two classes of genes defined according to the degree of similarities between rice and Arabidopsis genomes When compared with Arabidopsis genes in a genomewide fashion, rice genes can be theoretically classified into two categories according to a homology threshold: those that have homologues in the Arabidopsis genome and the rest that do not have homologues. Since plant genes are generally redundant and true orthologues are hard to determine, we did not use the term orthologue here. These two classes of genes are tentatively named as HH (with high homology) and LH (with low homology) genes for those of the rice, defined with a threshold: an E-value of 1!10 K7 covering 50% of the aligned sequences or 100 amino acids in length.
Although we started our analysis with computerpredicted genes (or gene models), there were 34.3% LH genes found in a full-length cDNA collection (Kikuchi et al. 2003) . Furthermore, the reasons why we have classified the gene content into different categories are twofold; one is to simply stratify the genes at the genome level in addition to function-based categories that are largely incomplete, and the other is to see whether there are lineage-specific genes in the grass family of plants. We can stratify genes based on sequence homology, GC-content bias, duplication history, polymorphism rate, chromosomal location, expression level and structural elements (such as introns, exons, repeats and regulatory sequences) and relate them to functions.
The majority of the LH genes seems to be real and functional genes but evolving with a fast pace. Several lines of evidence support this notion. First, about 66% of the LH genes are confirmed with RNA level evidence, including full-length cDNAs, ESTs and SAGE tags, as opposed to 85% confirmation rate of the HH genes. Second, LH genes are also confirmed at the protein level, albeit with a lower confirmation rate; approximately 11% in a dataset containing over 3276 are confirmed in proteomics, including LH and HH genes. On the other hand, the HH genes have a much higher confirmation rate than the LH genes, nearly 21%. Third, the LH genes have smaller open reading frames (ORFs) than the HH genes, on average, half the size of HH genes. Fourth, LH genes have higher overall GC-contents than HH genes. We believe that shorter ORFs and higher GC-contents are both signatures of fast evolving genes, in which the GC-content gradient is continuously increasing to the extent that the first one or two exons of the LH genes may have lost their homology to the ancestors and thus may have lost their original functions or, to a lesser extent, gained new functions. Finally, we used a popular test for selecting the ratio of Ka/Ks, where Ka and Ks are the fraction of non-synonymous and synonymous sites, respectively, that are polymorphic. The expectation is that this ratio is 1 for neutrally evolving genes and less than 1 for any genes under purifying selection. Considering the small number of polymorphisms between indica and japonica, we would get a lot of zeros and infinities if we computed Ka/Ks for individual genes. We therefore computed Ka/Ks for HH and LH genes as a group. On average, the Ka/Ks ratios were 0.59 and 0.30 for the HH and LH genes, respectively. The result indicated that LH genes are under weaker purifying selection compared with HH genes.
Taken together, we have seen a dynamic nature of novel gene creation process in rice, perhaps extendable to other grass genomes: new copies of existing genes are generated by duplication mechanisms (birth of the LH genes), and, at the mean time, some of the duplicated genes are fast mutating, driven by novel mutation mechanisms that relate to gene expression (making of the LH genes), so that these newborn genes either evolve to have new functions or are quickly eliminated from the gene pool (death of the LH genes). We are currently carrying out detailed analyses and experiments to characterize genes in the two classes and to relate them to functional classifications. This hypothesis has been consistent with our observations and theories on duplicated genes proposed over time (Moore & Purugganan 2005 ). It will be tested vigorously when new grass family plants are sequenced in the year to come, which may include corn, sorghum, sugar cane, barley and wheat.
(v) Sequence signatures are found related to rice domestication Like other major domestic crops and animals, rice was also domesticated ca 10 000 years ago, when Earth was gradually recovering from the last ice age and reached its lowest temperature point ca 18 000 years ago ending ca 10 000 years ago. Agriculture and human population increased together with the long warming process after the last ice age: agricultural practice started in major continents and human population was growing to 4 000 000 strong. Therefore, domestication as an interesting scientific subject studied since Charles Darwin should be more generalized and brought to the depth of genomics.
In searching for obvious sequence signatures of rice domestication, we aligned the sequence of 93-11, PA64S and Nipponbare. The pairwise alignments yielded clear bimodalities in SNP rate distributions, where two distinct modes were formed: a major mode at approximately 7 SNP kbp K1 and a minor mode at near zero. When we further divided the two modes in the 93-11 versus Nipponbare alignment, approximately 13% of the aligned sequences were found inside the minor mode at an average SNP rate per kbp. In other words, nearly 13% of the sequences in these two rice cultivars are almost identical. Similar bimodalities were also discovered in other genome-wide pairwise comparisons. The size range of these SNP-poor or 'SNP desert' regions is also striking, from 20 kbp to even 1 Mbp, which is constituted by both genic and intergenic sequences when annotated with a set of gene models. Some important genes have been found in the rice SNP desert, such as MADS-box genes and the Waxy gene. Dating based on neutral rate assumptions suggested that the minor mode are roughly formed around 10 000 years ago and the major mode cannot be easily calculated due to the polyphyletic nature of the domesticated rice species (Cheng et al. 2003) . Detailed statistical analyses revealed positive selections on functional genes (some of the mutations may have been deleterious and loss-of-function) and degenerative effects on gene expression in the SNP deserts.
It is appealing to speculate that phenotypic (human artificial) selection may have encouraged selective sweeps and/or hitchhiking, which have been conserving the variation-poor SNP desert and building the minor mode since agriculture began. Climate changes, geographical isolations and human activities may have produced the three major rice ecotypes or subspecies, as well as polyphyletic signatures on their genomes. The human role in this process may have been just to bring the progenitors of a few rice subspecies together along their migrating routes and kept the genes flowing from one cultivar to another. Further studies along this line should focus on the molecular details of phenotypegenotype relationship to identify genes and their functional networks, which are related to certain domestication traits, and thus agronomically important.
STUDYING GENE EXPRESSION IN HYBRID RICE AND ITS PARENTAL CULTIVARS
Our gene expression studies have been focused on comparative analysis among the triad, the parental cultivars and their F 1 progeny at two basic levels. We have begun studies at the transcriptome level by using EST sampling, SAGE (serial analysis of gene expression; Bao et al. 2005) and GST (gene sequence tag)-based microarrays (Ma et al. 2005) . Some of our EST data have been published (Zhou et al. 2003) to facilitate gene identifications and others are still in the pipeline to be analysed and published. At the second level, we have initiated analysis on the rice proteome (Zhao et al. 2005) . Although the data acquisition effort is still underway, we have learnt significant lessons as to how to design better experiments and to acquire comparable data for functional studies.
There are two essential goals in studying gene expression: one is to discover genes expressed in targeted tissues (space) and at a particular developmental stage (time) and the other is to correlate the gene expression to particular cellular functions or molecular mechanisms in a context of regulated gene networks or systems (relationship). The gene discovery part is relatively straightforward, in which gene models (full sequences of genes) or tags (partial sequences of genes) can be verified, quantified and documented with some exhaustive efforts and sample resources. Since plant anatomy is not as complicated as that of the animal, the great majority of plant genes can be discovered in the above-mentioned ways and some of the genome-scale gene discovery efforts have been attempted in Arabidopsis and humans (Bertone et al. 2004; Hilson et al. 2004) . The difficult part comes with designing experiments for acquiring expression data used to infer relationship among functional networks. It is relatively feasible when varied parameters (such as normal and challenged growth conditions) do not exceed the numbers of designed experiments (duplicated samples and controls should not be counted) and by strictly using the same cultivar as gene sources. However, when different cultivars are to be compared, such as in the case of our hybrid rice studies, true parallel comparisons are not easily achieved since the parental lines are to some extent only distantly related to each other and their growth and development behaviour (morphology and ontogeny) are certainly diverse. For instance, PA64S is male-infertile, therefore its reproductive organs and underlying genes are surely developed differently from the paternal 93-11. In addition, there are more than enough subtleties of phenotypic plasticity in the face of changing environments, genetic heterogeneities and newly created allelic differences in the hybrid progeny, which are all making functional interpretation of experimental results a nightmare, especially when some of the observed differences are not statistically significant enough and limited by the technology itself. Let us take our SAGE experiment as an example. We made nine SAGE libraries, three each from the triad: the leaf, the root and the panicles. We acquired nearly half million SAGE tags in comparable amounts from each library, which assembled nearly 70 000 unique tags. We then did an initial annotation of some unique SAGE tags based on a collection of full-length cDNAs, which allowed us to identify 595 upregulated and 25 downregulated genes in LYP9, the hybrid, through comparing its gene expression profiles with those of the parental cultivars. Most of the tag-identified, upregulated genes in LYP9 are related to enhancing carbon and nitrogen assimilation, including photosynthesis in leaves, nitrogen uptake in roots and rapid growth in both roots and panicles. However, it is difficult to evaluate downregulated genes since they are 24 times less than upregulated genes. Even with hundreds of upregulated genes to hand, we have a hard time to draw convincing conclusions because pictures of regulatory networks that involve the identified genes are still incomplete (Bao et al. 2005) .
What should we do to study hybrid vigour at the level of gene expression and regulation? After initial attempts in comparing samples from the triad in parallel at a certain developmental stage, we realized that the simple-minded approach we used would not work at all, because the triad develops quite differently and their comparability cannot be plainly measured by the date of seeding or the harvesting time judged upon similarity in growth status. The experiments have to be designed to integrate information of gene expression and regulation both vertically within cultivars and horizontally between cultivars. SAGE and GST-based microarray are probably better methods to start with. First, each cultivar should be studied in a parallel fashion and in a series of experiments that sample different tissues at different developmental stages. Results from similar or comparable stages should be compared among the triad and the better matched stages should be defined. Second, data should be collected with higher density of the sampling points focused on a particular interested stage of development. The goal here is to identify genes or regulatory networks of interest and to narrow the number of targeted genes down to the extent that other low throughput methods, such as northern and RT-PCR, can be used for validation of results since both SAGE and microarray methods have their own drawbacks. Finally, quantitative methods and allelic information should be used to trace the origin and regulation of the genes with major effects on hybrid growth and development, and to determine mechanisms of hybrid vigour. Based on our preliminary results from EST, SAGE and microarray experiments, we envisage that the rice hybrid we are studying may obtain its supreme vigour from a collective effect of massive genetic complementation, where lowly expressed genes become prosperous, deleterious genes are replaced by effective ones and the regulatory networks are balanced by phenotypic plasticity and ontogeny, artificially selected by breeding practice over decades of time. We should remind ourselves that neither all expressed genes are functional nor all functionally expressed genes contribute to hybrid vigour. Only when systematically studied could the true facets of heterosis be unveiled.
REVEALING THE MOLECULAR DETAILS OF HYBRID VIGOUR
We have anticipated that studying hybrid rice is not an easy endeavour, and we understand that eventually many of the important tasks will have to be passed on to the rice research community and not be kept for genomicists. Before it all happens, the trick here is to dig in; we have two parental genome sequences and a solid start in gene expression studies with all available technical platforms. With the genome sequence of PA64S to hand, we will identify allele-specific markers and subtle differences in gene expression between the two parental cultivars. However, we still need to shared between PA64S and LYP9 shared between PA64S and LYP9 but showed quantitative differences Figure 5 . Schematic chart shows the inheritance pattern of proteins identified on two-dimensional gels for analysing ureasoluble proteins isolated from embryos of hybrid rice LYP9 and its parental cultivars.
decipher molecular mechanisms of hybrid vigour and not just identify some gene expression differences among the triad. Some recent preliminary data from rice proteome studies gave us excellent hints for where to start. These experiments were originally designed to survey protein and RNA abundance in rice seeds (endosperm and embryo), with a hope to find enough protein markers to evaluate hybrid rice and other rice cultivars. It is also noteworthy that seeds from many cultivars and wild rice strains can be surveyed broadly and massively once proven useful. In this experimental design, we started from the seeds of the triad; they were sowed and the plants grew in conditions as identical as possible. Rice seeds have two major compartments: the endosperm and the embryo. The latter has more protein species to be identified; nearly 400 protein spots are identifiable on a regular Coomassie blue-stained two-dimensional polyacrylamide gel. Among the identifiable protein spots on the gel, nearly 10% of them showed differentially expressed patterns in three categories: unique to each parental embryo, absent in the hybrid and inherited from the parental embryos. Furthermore, almost all spots identified in LYP9 are traceable from either 93-11 or PA64S. Variations in isoelectric points, secondary modifications and other electrophoretic features were all detected in the type of experiments described here (Xie et al. 2006) . A schematic chart showing this phenomenon is illustrated in figure 5 . With better resolution and fractionation methods, it is conceivable that nearly a thousand protein spots could be identified on two-dimensional gels for such comparative protein analyses in the embryo alone. The other dimension of the proteomic experiments is to focus protein identification and expression studies on different organs or tissues during development. A recently published paper from our group has demonstrated the feasibility of such a focused study (Zhao et al. 2005) . In the study, we investigated protein expression among six different developmental phases and identified 49 differentially expressed proteins (or spots on twodimensional gels). Of these, 89.8% were confirmed to be rice proteins. After the confirmation of some of the interesting rice proteins with immunoblotting, we have drawn three major conclusions from the experiments. First, protein expression in rice leaves, at least for high or middle abundance proteins, is attenuated during growth (especially some chloroplast proteins) and the expression profiles are relatively stable during rice development, despite the fact that the change was not very dramatic. Second, ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), a major protein in rice leaves, is expressed at constant levels at different growth stages. Interestingly, a high ratio of degradation of the RuBisCO large subunit was found in all samples. The degraded fragments were similar to other digested products of RuBisCO mediated by free radicals. Third, the expression of antioxidant proteins such as superoxide dismutase and peroxidase declines at the early ripening stage. Such detailed investigations at the protein level are of importance to paint a complete picture of gene regulation networks and to relate them to molecular mechanisms governing growth and development.
It is quite clear that systematic investigations with a combination of RNA/protein qualification and allelic discrimination techniques will allow us to identify an adequate amount of genes and their products, which are differentially expressed and/or regulated among a triad. The study can take a solid start around a quiescent stage (the embryo) of the plant, extend initially to embryogenesis and germination, and later to rooting, tillering and flowering stages. Ultimately, these experiments will lead to a basic construct with connections and modules in the context of regulatory networks and metabolic pathways, and which, in turn, leads to a comprehensive understanding of how hybrid vigour comes into play for plant physiology in satisfactory molecular detail. We are certainly at the dawn of this new era.
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